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Three papers, two in a recent issue of Nature and one f
rin the July issue of Developmental Cell, identify a
ffamily of F box proteins as the long-sought receptors
tfor the plant growth hormone auxin. The new studies
Areveal that auxin, a small molecule, regulates F box
pproteins, which are involved in ubiquitin-mediated
cprotein degradation. This finding has profound impli-
bcations for understanding plant physiology and de-
tvelopment and for defining new modes of regulation
2of SCF ubiquitin ligase complexes.
D
tThe first detailed experimental analysis of what we now
rknow to be auxin activity was performed by Charles
eDarwin and his son Francis. In their book entitled The
pPower of Movement in Plants, published in 1880, they
tdescribe several lines of evidence suggesting that a
substance produced in the tips of grass coleoptiles
apromotes growth in a distinct region below the tip. In
t
the 1920s, Fritz Went isolated this substance by allow-
s
ing it to diffuse from coleoptile tips into agar blocks. 2
When placed on decapitated coleoptiles, these agar t
blocks could substitute for the tips themselves, pro- m
moting growth. Subsequently, indole-3-acetic acid t
(IAA) was identified as the most active endogenous i
auxin of plants. The structure of IAA is closely related t
to that of the amino acid tryptophan, which is the major a
starting material for IAA biosynthesis. Since then, IAA a
and its synthetic relatives have been implicated in a p
tremendous diversity of developmental and physiologi- q
cal responses, including embryogenesis, adventitious s
rooting, branching patterns, and fruit development. t
In the 1980s, groups led by Athanasios Theologis and t
Thomas Guilfoyle demonstrated the rapid accumula- f
tion of mRNAs for a number of genes after treatment (
with auxin, including one family of unknown function B
called the Aux/IAAs (Woodward and Bartel, 2005). Bythe late 1980s and early 1990s, genetic screens in the
reference plant Arabidopsis had identified the first
auxin-response mutants and provided the first clue that
ubiquitin-mediated degradation might play an impor-
tant part in auxin perception. By 2000, it seemed that
nearly everyone in the auxin field found themselves
working on mutants that carried stabilized forms of
Aux/IAA proteins (of which there are 29 in Arabidopsis),
or loss-of-function mutations in genes encoding a re-
lated group of transcription factors called auxin re-
sponse factors or ARFs (of which there are 23 in Arabi-
dopsis). Key findings by several laboratories suggested
a model in which the Aux/IAA proteins functioned as
direct repressors of ARF activity (Woodward and Bartel,
2005) (see Figure 1). The block in transcription of ARF
target genes could be relieved by auxin-mediated deg-
radation of the Aux/IAA proteins through interaction
with an F box protein called TIR1. TIR1 is part of an
CF-type ubiquitin ligase complex (named for its
ounding members SKP1, Cdc53/ Cullin, and F box re-
eptor). Conclusive evidence for this model came in
001 (Gray et al., 2001).
Amid an ever-clearer picture of how auxin provoked
hanges in gene expression, the lack of an auxin recep-
or presented a major obstacle. A breakthrough came
hen auxin action was demonstrated in a cell-free sys-
em, using the auxin-enhanced interaction between
IR1 and Aux/IAA proteins as a read out (Dharmasiri et
l., 2003). This was soon followed by the provocative
inding that auxin pretreatment of the Aux/IAAs did not
esult in any detectable modification or increase in af-
inity of these proteins for TIR1. In contrast, auxin pre-
reatment of TIR1 did increase subsequent binding to
ux/IAAs (Kepinski and Leyser, 2004). Finally, with the
ublication of the two new papers in Nature, it has been
learly shown that TIR1 itself shows specific auxin
inding leading to increased affinity for Aux/IAA pro-
eins (Dharmasiri et al., 2005a; Kepinski and Leyser,
005). A third paper published in the current issue of
evelopmental Cell demonstrates that three F box pro-
eins (termed AFBs) that are closely related to TIR1 act
edundantly with TIR1 as auxin receptors (Dharmasiri
t al., 2005b) (see Figure 1). Plants progressively de-
leted of TIR1/AFB family members exhibit concomi-
ant loss of auxin responsiveness.
In addition to dramatic decreases in sensitivity to the
pplication of exogenous auxin, plants carrying muta-
ions in three or more TIR1/AFB family members exhibit
triking developmental defects (Dharmasiri et al.,
005b). Several of these defects are reminiscent of
hose observed in well-characterized auxin response
utants. Previous work suggested that an Aux/IAA pro-
ein called BDL (IAA12/BODENLOS) regulates root mer-
stem formation by interacting with an ARF transcrip-
ion factor called MP (ARF5/MONOPTEROS) (Weijers et
l., 2005). One early event that goes awry in both mp
nd bdl mutants is the division of the hypophysis to
roduce the lens cell. This cell is the progenitor of the
uiescent center, which is required for proper root meri-
tem establishment. Embryos carrying mutations in the
ir1, afb1, afb2, and afb3 genes also show frequent al-
erations in hypophysis division, and seedlings arising
rom these embryos show a variety of root defects
Dharmasiri et al., 2005b). Consistent with these results,
DL is stabilized in plants with multiple TIR1/AFB mu-tations, and expression of an ARF-regulated reporter is
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971Figure 1. Auxin Signal Transduction Pathway
(Top panel) In plant cells exposed to little or
no auxin, Aux/IAA transcriptional repressor
proteins remain bound to the ARF (auxin re-
sponse factor) transcription factor, and target
genes of auxin remain switched off. (Bottom
panel) When auxin (orange) binds to the TIR1
auxin receptor, TIR1 (or its family members,
the AFBs) strongly interacts with Aux/IAA
proteins. TIR1/AFBs are leucine-rich repeat
F box proteins, which are part of an SCF-
type E3 ubiquitin ligase, containing ASK1
(Arabidopsis SKP1-Like1), CUL1 (Cullin1), and
RBX1 (RING-box protein1). Once assembled,
this protein complex recruits an E2 ubiquitin-
conjugating enzyme, and their combined ac-
tion adds ubiquitin molecules (Ub) to the
Aux/IAA proteins, which are subsequently
degraded. When Aux/IAA proteins bind to
auxin-modified TIR1/AFBs, the ARF transcrip-
tion factor is no longer repressed, resulting
in the expression of target genes required for
Arabidopsis embryogenesis (yellow silhou-
ettes).dramatically reduced both basally and upon activation
by auxin.
The elucidation of the entire auxin signal transduc-
tion pathway—from the auxin receptor to the gene tar-
gets that are switched on by auxin—will likely lead to
fundamental changes in our understanding of auxin bi-
ology. With these genetic and biochemical tools in
hand, age-old questions can finally be addressed.
Foremost among these is the determination of the
auxin-regulated growth and developmental processes
that require gene transcription. Another protein called
ABP1 is known to bind to auxin, but its role in auxin
signal transduction has remained controversial. Mutant
embryos lacking both copies of the abp1 gene exhibit
severe defects, including an apparent lack of apical-
basal polarity (Napier et al., 2002). Studies of plants
with greatly reduced auxin transport capacity also
show far more severe aberrations than those exhibited
by the quadruple mutant tir1 afb1 afb2 afb3 (Friml et al.,
2003). Is this discrepancy between mutant phenotypes
evidence of residual activity by TIR1/AFB family mem-
bers, or is it evidence of a second auxin signaling path-
way, perhaps comprised largely of nongenomic ef-
fects? Determining the answer to these questions and
dissecting the role of ABP1 and TIR1/AFBs and their
connection to the complex polar auxin transport sys-
tem is a major challenge for the near future. The tir1
afb1 afb2 afb3 quadruple mutant provides an ideal
background for modulating the auxin response both
spatially and temporally and should prove to be an in-
valuable tool for further elucidating auxin action.
The identity of the auxin receptor also raises impor-
tant questions for the field of protein degradation.
Ubiquitin-mediated destruction of regulatory proteins is
a common theme in signal transduction pathways
throughout the eukaryotic world. Many previous studies
have shown that modification of substrates, usually by
phosphorylation, is required for interaction of the sub-
strate with F box proteins and subsequent ubiquitina-
tion (Petroski and Deshaies, 2005). By showing directmodification of an F box protein by a small molecule,
these new papers may have profound consequences
for our understanding of substrate recognition by SCF
complexes. For TIR1/AFB proteins specifically, there
are a raft of fundamental questions still to be answered.
For instance, the predominantly nuclear localization of
TIR1/AFB proteins raises the question of where in the
cell these proteins encounter auxin and whether bind-
ing to auxin modifies their localization. In addition to
the F box motif, TIR1 contains a leucine-rich repeat do-
main. Which of these domains (or other domains still
to be identified) are involved in binding to auxin? The
presence of Aux/IAA proteins greatly enhances auxin
binding to TIR1. What is the mechanism underlying this
enhancement? How does auxin binding to TIR1 affect
assembly of the SCF ubiquitin ligase complex?
There are approximately 700 F box proteins in plants
and a pharmacopoeia of small molecules. Will these
new findings emerge as a new paradigm in ubiquitin-
mediated protein degradation? An obvious place to
start answering this question is within the TIR1/AFB
family itself. Intriguingly, COI1, a protein known to be
required for signaling via jasmonic acid (another small
molecule), resides in the same clade as TIR1 (Dhar-
masiri et al., 2005b). Only time will tell whether this
historic finding for the auxin field will also provide fun-
damental insights into the workings of the ubiquitin ma-
chinery in all organisms.
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